ABSTRACT Costly distributed converters are used in traditional offshore wind turbine generators (WTGs); recently, centralized voltage source converters (CVSC) have been utilized to replace the distributed ones for cost reduction. This method, however, reduces the wind energy that can be harvested from the environment, since all WTGs' synchronous rotational speeds depend on the frequency of the same CVSC but their wind speeds are generally different. To solve this problem, in this paper, a novel power optimization model is developed based on the aerodynamic characteristics of the wind in contact with the turbines. It is followed with the proposal of a novel maximum power generation strategy, using the particle swarm optimization algorithm. The proposed optimal power extraction (OPE) strategy can achieve the maximum power generation, and at the same time limit the excess power output to enhance operational safety. Simulation studies are conducted in this paper to validate the proposed OPE strategy for WTGs, which demonstrate the superiority of the proposed OPE strategy in harnessing the maximum energy from wind, in comparison to the existing method.
I. INTRODUCTION
Recently, offshore wind energy has attracted substantial attention because of its techno-economic and environmental benefits, such as high energy intensity, steady power output, and no land occupation [1] , [2] . Offshore wind farms need high voltage direct current (HVDC) or high voltage alternating current (HVAC) transmission to interface with the power grid [3] , [4] . The HVDC transmission is widely used in longdistance transmission due to its unique advantages, i.e., lower losses, no limitations in length,and the ability to connect with much weaker networks [5] , [6] . However, the applicability of HVDC for offshore wind farms is still restricted, due to its high costs associated with HVDC converters [7] - [9] .
The first subfigure of FIGURE 1 shows a conventional offshore wind farm topology employing the HVDC transmission. Therein, WTGs connect to the AC bus through a set of distributed converters; the AC bus connects to the HVDC link through a VSC at the wind farm side. This setup is firstly non-economical due to the large number of power electronics devices required, and will also incur a significant amount of power losses during the power transmission. To replace the distributed converters, Jovcic and Strachan [10] proposed an offshore wind farm topology with centralized power conversion and multi-terminal HVDC connection, as shown in the second subfigure of FIGURE 1. In this structure, each VSC in the multi-terminal HVDC transmission provides FIGURE 1. Comparison of conventional and centralized offshore wind farm topology [10] .
variable speed control for a group of WTGs. It is noteworthy that all WTGs' synchronous rotational speeds are regulated by the same CVSC structure and control signals, but their wind speeds are generally different. Hence, WTGs could not all operate at the maximum power point, and therefore the overall wind power system fails to harness the maximum kinetic energy from the ambient environment. Compared to using distributed converters to interface wind turbines with the main grid, the traditional CVSC may lose some of the energy extracted from the wind. However, due to the centralized converter topology and the fact that most wind turbines in the same wind power plant received wind of similar velocity, CVSC is a valid option of integrating wind turbines into the main grid. Also, the maintenance cost is substantially lower for CVSC than distributed layouts. This has been well studied in [10] . This paper is actually trying to solve this issue and proposing a novel optimization method to enhance the energy extraction of centrally connected VSCs. The proposed optimal power extraction (OPE) strategy for CVSC-WTs can effectively improve the energy extraction efficiency of the traditional CVSCs-WTs.
To improve the overall performance of the WTGs, the group size was optimized based on the centralized topology by making a trade-off between power loss and costs [10] . Vrionis et al. [11] proposed a methodology to optimize the AC frequency for searching the optimal speed, which, however, may not be able to find the global optimum due to the highly non-convex optimization problem formed to reach the objective. Gomis-Bellmunt [12] proposed that wind energy efficiencies could be written as polynomials of tip speed ratios, in which all the pitch angles were set zero, and the Newton iteration method was adopted to compute the optimal frequency of the AC bus corresponding to maximum power generation. However, they both only consider how to find an optimal AC frequency, but harvesting the maximum power generation by a wind farm considering each turbine's distinct characteristics has not yet been fully addressed in the literature.
Existing work for optimal power extraction of WTGs is mainly considering one variable, i.e., the angular speed of WTGs or AC frequency, and only considering this factor cannot make the WTGs reach the best wind energy utilization. Another important factor, pitch angle, has not been incorporated in any of the existing work. In order to address this, a wind turbine model considering the aerodynamic characteristics is developed in this paper, and an optimal power extraction strategy is proposed thereafter for CVSC-connected offshore wind farms. The main novelty of the proposed OPE is that it preserves the advantages of the centralized VSC-connected WTGs, and it maximizes the kinetic energy that can be harnessed from the ambient wind by optimally controlling the operation statuses of the WTGs. Simulations show the superiority of the proposed OPE method in harnessing the maximum energy from wind, in comparison to the existing best method proposed in [12] . The OPE strategy is also easy to implement and does not entail any extra costly hardware, which also poses the economic advantage of this method.
The remainder of this paper is organized as follows. Section II describes the aerodynamic characteristics of the wind farm system, and a novel power optimization model is developed thereafter. An OPE strategy based on PSO algorithm is designed in Section III. Simulations are conducted to validate the effectiveness of proposed strategy in Section IV. Finally, this paper concludes in Section V.
II. POWER OPTIMIZATION MODEL A. AERODYNAMIC CHARACTERISTIC ANALYSIS
According to Bates theory [13] , the output power of a WTG is given as
where ρ is the air density,A is the area covered by the rotating blade of wind turbine, V is the wind speed, while the wind energy efficiency C p is
where λ is the tip speed ratio; β is the pitch angle of blade; c 1 to c 6 are constant coefficients and given in TABLE 1; and one has the expression of λ i as 1
The tip speed ratio λ reads
where ω t and ω g are the angular speeds of wind turbine and generator, respectively; R is the length of blades; while n g is the ratio of gearbox. According to (2) and (3), the wind energy efficiency C p with different tip speed ratios and pitch angles are depicted in FIGURE 2. All WTGs' synchronous rotation speeds depend on the frequency of a same CVSC. However, due to some influences such as wake effect, the wind speeds of WTGs are all different. Hence, the WTGs can't all operate at the optimal tip speed ratio, which results in the whole system unable to reach the highest energy efficiency.
Since WTGs with high wind speed have more generating potential, they should operate at a point close to optimal tip speed ratio, as the point A of FIGURE 2, which ensures their wind energy efficiency. In this case, since all WTGs' synchronous rotation speeds are the same, for WTGs with low wind speed, their tip speed ratios are inevitably deviated from the optimal value, which will reduce the wind energy efficiency, as the point B of FIGURE 2. According to FIGURE 2, the wind energy efficiency of WTGs operating at given nonoptimal tip speed ratio can be significantly improved by selecting an appropriate pitch angle,as the point C.
Hence, the maximum power generation control for a group of WTGs with centralized power conversion is a multivariable optimization problem, in which the total generation power depends on the unified angular speed and all the individual pitch angles of each WTG.
B. POWER OPTIMIZATION MODEL DEVELOPMENT
The target of power optimization is to seek the optimal angular speed and pitch angles corresponding to the maximum power from a group of WTGs which is given as
where P j is the output power of the j-th WTG, and M is the number of WTGs in a group. To display the angular speed of WTG in the target function, (3) and (4) are substituted into (2), and the wind energy efficiency is rewritten as follows,
According to (1) and (6), (5) can be rewritten as
According to the limitations of the adjustment ranges, the constraints of angular speed and pitch angles are given as
and
where β j is the pitch angle of the j-th WTG.
To ensure safe operations, the output powers of each WTG cannot exceed the rated power [14] , and the constraint of output power is thus given as
Since P j is not a variable in (7), the limitation of output power could not be treated the same way as angular speed and pitch angles. A penalty function to avoid overpower is thus introduced as
Combining (7) and the penalty function (11), the target function with the ability to limit output power of each WTG is given as
where b is penalty factor for overpower. According to (11) , when the output power of any WTG exceeds its rated power, the fitness of target function (12) will decrease. If the penalty factor b is large enough, in the process of searching the maximum fitness value of the target function (12), the optimization algorithm will automatically avoid overpower.
III. THE PROPOSED OPE STRATEGY A. MAXIMUM POWER GENERATION STRATEGY BASED ON PSO ALGORITHM
The PSO algorithm is an optimization method that can be applied into multi-variable functions with many local optimal points [15] . Its advantages include easy implementation, fast convergence, and good robustness [16] . Hence, PSO algorithm has been widely applied to maximum power point tracking (MPPT) of photovoltaic systems [17] , [18] , cooperative planning of active distribution system with renewable VOLUME 6, 2018 energy sources and energy storage systems [19] , design of wind farm configuration [20] , and distributed optimal reactive power control of power systems [21] .
According to the power optimization model developed in Section II, a novel OPE strategy for wind farms connected to central VSCs is proposed using the PSO algorithm. Steps of the proposed algorithm are given as follows with the flowchart shown in FIGURE 3, which are adopted and modified based on [18] . 1) Parameter selection: For the proposed OPE strategy, the unified angular speed ω g and all the pitch angles β j (j=1,2,. . . ,M ) of each WTG is defined as the particle position shown as (13) , and the target function (12) is chosen as the fitness value evaluation function.
2) PSO Initialization: Input particle swarm size N , number of iterations K , penalty factor b, weight coefficients d 1 , d 2 , and d 3 . Initial position and velocity of each particle are randomly initialized in the range defined as (8) and (9) . Denote the initial iterative algebra as k=1.
3) Fitness evaluation: The fitness evaluation of each particle i (i = 1, 2, . . . ,N) will be conducted using (12) according to its position represented as (13) and all of the WTGs' measured real-time wind speeds. 4) Determination of individual and global best fitness: New calculated fitness value of each particle i (i=1,2,. . . ,N ) is compared with its previous individual best fitness value F ibest , and the bigger fitness value and corresponding position will be recorded as the new individual best fitness value F ibest and individual best position p ibest , respectively. And then, the new individual best fitness value F ibest are compared with previous global best fitness value F gbest , and the bigger fitness value and corresponding position will be recorded as the new global best fitness value F gbest and global best position p gbest , respectively. 5) Updating the velocity and position of each particle: The velocity and position of each particle in the swarm are updated in terms of
where v i and x i are the velocity and position of i-th particle, respectively; d 1 , d 2 , and d 3 are the weight coefficients; r 1 and r 2 are random numbers ranged in [0, 1]; p ibest is the individual best position of i-th particle; p gbest is the global best position; while superscript k represents the iterative algebra. 6) Constraints judgment: If any dimensions of each particle's position exceed the constraints of angular speed and pitch angles given in (8) and (9), these dimensions should be replaced with the extreme values according to
7) Stopping criterion: If the iterative algebra k is smaller than the predefined number of iterations K , set k = k + 1 and go to step 3. If k is equal to K , the end criterion is met, and the current global best position is output and given as
where ω gbest is the optimal angular speed, and β jbest is the optimal pitch angle of the j-th WTG. 
B. CONTROL SCHEME OF THE VSC IN A MULTI-TERMINAL HVDC TRANSMISSION
FIGURE 4 shows the control scheme of a VSC in multiterminal HVDC transmission. A flux-oriented vector controller is designed to control the flux and the angular speed of WTGs [10] . The amplitude ψ and angle θ of the flux in FIGURE 4 are calculated according to the three phase voltages u sabc three phase currents i sabc measured from the AC bus, and then the direct-axis current i sd and quadratureaxis current i q in the flux-oriented synchronous reference frame are calculated. Since the synchronous rotation speeds of all WTGs in the same group depend on the frequency of the same VSC, the difference in the rotational speeds of the grouped generators are negligible. Therefore, in this study, the rotational speed of the first generator in the group is used to as the feedback signal to the angular speed controller. In the control scheme, shown in FIGURE 4, the optimal angular speed ω gbest computed by the proposed OPE strategy based on the PSO algorithm is adopted as the angular speed reference of the vector controller. The optimal pitch angles β jbest computed by the proposed OPE strategy are adopted as the pitch angle reference of the j-th WTG, respectively.
IV. CASE STUDY AND SIMULATION RESULTS
The simulation is performed in MATLAB/SIMULINK 2010b on a desktop computer with Intel Core i7-6700, 3.4GHz CPU and 64-bit Windows 7 operating system. In the simulation model, four WTGs based on squirrel-cage induction generator (SCIG) are connected to a single VSC, which is controlled by the proposed OPE control scheme given in FIGURE 4. The parameters of WTGs are shown in 
A. CASE 1: LOW TO MEDIUM WIND SPEEDS
The maximum power generation strategy proposed in [12] is also simulated using the same simulation model and conditions in this paper for comparison. The method in [12] only optimizes the frequency of the electricity at the AC bus, and it is called the ''conventional optimization strategy'' in this section. With wind speeds given in FIGURE 5, the optimization results of the PSO algorithm proposed in this paper and the conventional optimization algorithm proposed in [12] are given in FIGURE 6∼FIGURE 11. The fitness evaluation results of the PSO algorithm at each given time are shown in. All the iterative calculations with different wind speeds quickly converge to the optimal fitness value, which shows a satisfactory real-time performance of the algorithm. FIGURE 7 shows the optimal angular speeds computed by both algorithms, and FIGURE 8 shows the optimal pitch angles of each WTG computed by the proposed PSO algorithm, where all the pitch angles are zero in the conventional optimization algorithm. FIGURE 9 shows the wind energy efficiency of each WTG computed by both algorithms. Obviously, in FIGURE 7, the optimal angular speed computed by the proposed OPE algorithm is higher than the conventional method. In FIGURE 8, the optimal pitch angles of WTG 1 and WTG 2 (with low wind speed) are about 1.5, and the optimal pitch angles of WTG 3 and WTG 4 (with high wind speed) are about zero. In FIGURE 9 , the wind energy efficiencies of each WTG computed by the proposed PSO algorithm are all higher compared with the conventional optimization algorithm. All the computation results shown in FIGURE 7∼FIGURE 9 have validated the OPE strategy proposed in this paper, where WTGs with high wind speed operate at optimal tip speed ratio and the wind energy efficiency of WTGs with low wind speed can be improved by using appropriate pitch angles.
The individual rotating speeds of each WTG with both algorithms are shown in FIGURE 10, and the total output power from all WTGs are shown in FIGURE 11. It shows that the output power of the proposed OPE algorithm is higher than the output power of the conventional optimization algorithm.
In order to accelerate the WTGs to the optimal angular speed in shortest time as shown in FIGURE 10, the fluxoriented vector controller automatically reduces output power to zero as shown in FIGURE 11, and the harvested wind energy are totally used to accelerate the WTGs. If these power fluctuations cannot be accepted by the power grid, the changing rate of angular speed reference should be limited, which can reduce power fluctuations but extend the time of the dynamic process.
B. CASE 2: MEDIUM TO HIGH WIND SPEEDS
It's known that the main control objective of pitch angle is to limit the output power of WTG when wind speed exceeds the rated value. To verify the effectiveness of power limitation of the proposed OPE algorithm, a new set of wind speeds for simulation are used, which are shown in FIGURE 12. The fitness evaluation results given in FIGURE 13 show that the iterative calculations can also converge to the optimal fitness value quickly. FIGURE 14∼FIGURE 16 show the optimal pitch angles, wind energy efficiency, and output power of each WTG, respectively.
During 0∼12s, all the wind speeds and output powers of each WTG are below the rated value. The pitch angles of the WTG 3 and WTG 4 (with high wind speed) are about zero, which makes them operate near maximum wind energy efficiency. The pitch angles of WTG 1 and WTG 2 (with low wind speed) are not zero, which maximize their wind energy efficiency at the given non-optimal rotating speed. This shows great congruity to the rationale behind the proposed OPE strategy as stated in Section II. During 12∼36s, all the wind speeds increase, and the wind speed at WTG 4 exceeds the rated value. The pitch angles of WTG 2 and WTG 3 are about zero, and both of them operate at the maximum energy efficiency point. The pitch angle of WTG 1 decreases to maximize its wind energy efficiency at the non-optimal rotating speed. The pitch angle of WTG4 increase to limit its output power, and hence its wind energy efficiency decreases for safety reason. The simulation results during 12∼36s verify that the proposed OPE algorithm can limit the output power of WTG within the rated value if its wind speed exceeds the maximum allowable value, and at the same time maximize the output power of other WTGs.
During 36∼48s, the wind speed at the 1st WTG is below rated value, and hence its pitch angle is zero to make it operate VOLUME 6, 2018 near maximum wind energy efficiency. The pitch angles of the other WTGs increase to limit their output powers at the rated value. During 48∼60s, all the wind speeds exceed rated value, and hence all the pitch angles increase to limit the output powers of each WTG at rated value, respectively. The simulation results during 36∼60s verify that the proposed OPE algorithm can limit all the output power at rated value if all the WTGs are in contact with high wind speeds.
C. CASE 3-5: VARIOUS WTG GROUP SIZES WITH REAL WIND SPEEDS
To analyze the proposed OPE algorithm under more practical conditions, we employ realistic wind speeds, which are shown in FIGURE 17 [22] . The WTG 8 is assumed as the first WTG in the direction of the wind with the highest wind speed, and wind speeds of other WTGs are gradually decreased by 0.5 m/s and delayed by 2 s, in order to simulate the influences of WTGs positions and wake effects [23] . In Case 3, four WTGs are grouped and controlled by a CVSC, including WTG 2, 4, 6, and 8. In Case 4, six WTGs are grouped and controlled by a CVSC, including WTG 1, 2, 4, 6, 7, and 8. In Case 5, all the eight WTGs are grouped and controlled by a CVSC. FIGURE 18 shows the optimal generator speeds computed by the proposed OPE strategy and conventional optimization strategy [12] . shows the optimal pitch angles of each WTG computed by the proposed PSO algorithm ratios of extraction powers relative to the maximum available power obtained by using distributed converters for each wind turbine.
In FIGURE 18 , the optimal generator speed of the proposed OPE algorithm is higher than the corresponding conventional method in each case. In FIGURE 19-21, it can be seen that the WTGs with relatively lower wind speeds operate at relatively larger pitch angles in each Case.
In FIGURE 22 -24, the proposed OPE algorithm significantly improve the wind energy efficiencies of the WTGs with high wind speeds, such as WTG 8 in Case 3, WTG 7 and 8 in Case 4, and WTG 7 and 8 in Case 5. The reason is that the proposed OPE algorithm makes the WTGs with greater generating potential operate closer to the optimal tip speed ratio. In FIGURE 22-24, the proposed OPE algorithm also significantly improves the wind energy efficiencies of the WTGs with low wind speeds, such as WTG 2 in Case 3, WTG 1 and 2 in Case 4, and WTG 1, 2, and 3 in Case 5. The reason is that the wind energy efficiencies of WTGs operating at large tip speed ratios can be significantly improved by selecting appropriate pitch angles, as shown in FIGURE 2. However, the proposed OPE algorithm slightly decreases the wind energy efficiencies of WTGs with mid wind speeds, such as WTG 4 and 6 in Case 3, WTG 4 and 6 in Case 4, and WTG 4, 5, and 6 in Case 5.
As shown in FIGURE 25, compared with the conventional strategy, the proposed OPE algorithm improves the total power extraction ratio in each case, and the average wind energy losses caused by centralized power conversion are reduced to 3-3.5%.
V. CONCLUSIONS
This paper proposes a novel optimal power extraction method for WTGs connected to central VSCs, which are fed to HVDC transmission lines. The proposed OPE strategy considers the aerodynamic characteristics to maximize the total output power by seeking the optimal angular speeds and pitch angles of each WTG. Simulation results have demonstrated that compared to the existing offshore WTG control methods, the proposed OPE strategy is able to optimally increase the total amount of power generated by WTGs connected to central VSCs, and simultaneously prevent the output power of each WTG from exceeding rated power, hence improving safety. He is currently a Professor with the School of Automation, Guangdong University of Technology, Guangzhou. His current research interests include intelligent control systems, network systems, and signal processing. VOLUME 6, 2018 
